Ataxia telangiectasia mutated (ATM) is a tumor suppressor gene, and its somatic inactivation plays a role in the pathogenesis of lymphoid malignancies. However, the role of ATM in patients with myeloid malignancies is still unknown. We herein report a case of acute megakaryoblastic leukemia (AMKL) with ATM gene deletion. An 84-year-old Japanese woman presenting with a pale face and pancytopenia was admitted to our institution and diagnosed to have AMKL with ATM gene deletion. She was treated with intravenous azacitidine. The azacitidine treatment was effective for approximately 1 year. Somatic inactivation of the ATM gene may therefore be involved in the pathogenesis of AMKL.
Introduction
Acute megakaryoblastic leukemia (AMKL) is a rare subtype of acute myeloid leukemia that occurs in approximately 1.0% of all adult acute myeloid leukemia (AML) patients (1) (2) (3) . AMKL is considered to be refractory AML because of both its poor response to conventional induction therapy and poor prognosis (3, 4) . No standard treatment regimens for AMKL have so far been established.
Elderly patients with AML have poor prognoses because of such factors as the presence of comorbidities, a poor performance status, an inferior response to treatment, and generally more severe toxicities than seen in younger patients (5) . Therefore, intensive chemotherapy is not recommended for elderly patients with AML, and a standard chemotherapy regimen for elderly AMKL patients thus remains to be established.
Azacitidine, a DNA methyltransferase inhibitor, has been approved for the treatment of patients with high-risk myelodysplastic syndromes (MDS). These patients include AML with 20-30% bone marrow (BM) blasts according to the World Health Organization (WHO) criteria. Azacitidine significantly prolongs the overall survival (OS) compared with intensive chemotherapy in patients with high-risk MDS (6) . Recently, Azacitidine has been used for the treatment of elderly patients with more than 30% blasts (7) (8) (9) (10) .
Ataxia telangiectasia mutated (ATM) is a tumor suppressor gene. The somatic inactivation of the ATM gene is associated with the pathogenesis of lymphoid malignancies, such as B-cell chronic lymphocytic leukemia, T-cell prolymphocytic leukemia, acute lymphoblastic leukemia, and nonHodgkin lymphoma (11) . ATM gene deletion predicts the prognosis of patients with lymphoid malignancies (12, 13) ; however, the role of ATM deletion in patients with myeloid malignancies is still unknown.
We herein report a case of AMKL with ATM deletion that was successfully treated with azacitidine. sion, chronic heart failure, and cerebral infarction. According to her past history, she had not been suffered from either cytoepnia or hepatosplenomegaly. On examination, there were no obvious abnormalities, although the patient had lost vigor, and her Eastern Cooperative Oncology Group (ECOG) performance status (PS) was three.
A complete blood count and peripheral smear showed pancytopenia (hemoglobin, 47 g/L; white blood cells, 3.5× 10 9 /L; platelets, 39×10 9 /L) with 29% blasts. A BM examination revealed mild hypocellularity (approximately 50%) and severe myelofibrosis with predominantly multi-lineage dysplastic cells and leukemic blasts (The results of bone marrow smears are shown in Fig. 1) .
The blasts had a high nucleus-to-cytoplasm ratio with pseudopod formation and were negative for peroxidase stain. A flow cytometric analysis to determine the immunophenotypes showed the blasts to be positive for CD13, CD34, HLA-DR, CD117, CD41, and CD61 expression, and negative for CD2, CD7, CD10, and CD19 expression. A Gbanded metaphase analysis was performed on a specimen of BM aspirate using standard cytogenetic techniques. The karyotype was 46,XX,del(11)(q) in 19/20 cells and 46,idem,i (X)(p10) in 1/20 cell (Fig. 1G ). Fluorescence in situ hybridization (FISH) was performed to detect ATM deletion using a commercial probe that recognizes a <732 kb region encompassing both ATM and flanking genes, which was cohybridized with a chromosome 11-specific centromere probe (Vysis LSI ATM spectrum orange and CEP 11 Alpha spectrum green, Abbott Laboratories, UK) ( Fig. 2A) . ATM gene deletion was recorded in 87 (87%) of 100 cells scored (Fig. 2B) . In contrast, mixed lineage leukemia (MLL) gene rearrangements was recorded in 0 of 100 cells (0%) scored (Fig. 2C) .
Based on the results of morphology, immunology, and cytogenetics analyses, and also according to the clinical features, the patient was diagnosed to have AMKL with myelodysplasia-related changes and ATM gene deletion.
The patient was treated with intravenous azacitidine at 75 mg/m 2 on days 1-7 (5) on a 28 day schedule because she could not tolerate intensive chemotherapy. After one course of azacitidine treatment, the platelet count increased to 105× 10 9 /L. The hematological improvement was not accompanied by any serious adverse events, and azacitidine administration was therefore continued. The blasts decreased gradually and were undetectable in the peripheral blood after seven cycles of treatment, although the patient required red blood cell transfusion during chemotherapy.
She had developed fever on day six after six cycles of azacitidine treatment. Cefepime was initiated, however, her fever persisted. Subsequently, we started granulocyte-colony stimulating factor (G-CSF) on day eight because she was suffering from grade 4 neutropenia. She responded favorably and her white blood cells gradually increased to 5.0×10 9 /L on day 18, meanwhile the blasts did not increase in number. Because leukopenia occurred after G-CSF withdrawal, we administered G-CSF continuously as necessary (Fig. 3) .
A BM examination revealed a marked decrease in the blasts (from 30% to 3.1%) in addition to myelofibrosis and several megakaryocytes after nine cycles of treatment. At that time, the peripheral blood count showed leukocytes at 3.4×10 9 /L, a hemoglobin level of 75 g/L, and a platelet count of 109×10 9 /L. Since there was no disease progression and the patient achieved a partial hematological improvement, azacitidine treatment was considered to have been effective and thus was continued (13 cycles of treatment had been completed at the time of writing this study). Meanwhile, ATM gene deletion remained in 93 (93%) of 100 cells based on an analysis after 12 cycles of treatment. These findings suggest that a cytogenetic response had therefore not been achieved by azacitidine treatment.
Discussion
AMKL occurs frequently in children with Down syndrome (DS), in particular in those with GATA1 mutations. Meanwhile, GATA1 mutations are rare in non-DS-AMKL patients. In adults with non-DS-AMKL, deletions of chromosome 5q and/or chromosome 7q are the most frequent cytogenetic abnormalities. These cytogenetic abnormalities are associated with MDS. Approximately 90% of all AMKL patients have several cytogenetic and morphologic features that support the occurrence of AMKL as a secondary leukemia (14) .
The deletion of chromosome 11q is a characteristic aberration in patients with MDS and in those with AML with myelodysplasia-related changes. MDS patients with del (11q) have a very good prognosis according to the revised international prognostic scoring system (IPSS-R) (15) . The IPSS-R also predicts the outcome of patients with secondary AML evolving from MDS (16) . MDS patients with del (11q) have been reported to show a smoldering clinical course and severe anemia requiring RBC transfusions (17) .
Chromosome 11 aberrations and unbalanced changes such as del (11q) occur with a low frequency in AML patients. Most chromosome 11 aberrations are related to non-ATM genes, such as the MLL gene (18) . There are few reports of AML in ataxia telangiectasia patients, and the somatic inactivation of the ATM gene in AML patients has not yet been reported to date (19) (20) (21) . In the present case, the deletion of the ATM gene was detected by FISH and the patient had no clinical features of ataxia telangiectasia, thus suggesting that the ATM gene deletion in this case was a somatic aberration.
ATM was analyzed with a widely-used commercial probe that recognizes a <732 kb region encompassing both ATM and flanking genes, which was co-hybridized with a chromosome 11-specific centromere probe designed for the screening of CLL patients (22) (23) (24) . This probe is considered The ATM gene is located on chromosome 11q22.3 to 23.1. Although there are few MDS patients with del (11q), the 11q22 band, which includes the ATM gene, is deleted in 70% of MDS patients with del (11q) (17) . The present patient had ATM gene deletion and her clinical course was similar to that of MDS patients with del (11q). The effects of del (11q) may therefore be associated with the deletion of part of the ATM gene. Therefore, the clinical course of patients with del (11q) may be dependent on the inactivation of the ATM gene.
The ATM gene is a cell cycle checkpoint protein activated in response to DNA damage, and it functions as a tumor suppressor gene. The somatic inactivation of the ATM gene plays a role in the pathogenesis of lymphoid malignancies (11) and it may also be involved in the pathogenesis of myeloid malignancies.
Patients with AMKL show a poor response to conventional induction therapy and therefore tend to demonstrate a poor prognosis (3, 4) . The prognosis of elderly patients with AML is poor because of the presence of comorbidities, a poor PS, an inferior response to treatment and more severe toxicities than seen in young patients (5) . There is currently no standard treatment regimen for these patients. Azacitidine is a hypomethylating agent that has been shown to improve the prognosis of high-risk MDS and AML patients. Azacitidine induces DNA damage by affecting the metabolism of pyrimidine, which is involved in the activation of the ATM protein (25) . The activation of the ATM protein is associated with resistance to azacitidine treatment, and the inhibition of the ATM protein induces apoptosis in azacitidine-resistant cells (26) . Hence, patients with AMKL, which show somatic inactivation of the ATM gene, may be sensitive to azacitidine treatment. Azacitidine has been suggested to be a reasonable therapeutic option for most unfit AML patients (10, 27) . The present patient was elderly and therefore intensive chemotherapy was not indicated. Azacitidine was thus considered to be a reasonable alternative treatment in the present case.
In conclusion, we herein reported the first known case of AMKL with ATM gene deletion that was successfully treated with azacitidine. The present results indicate that the somatic inactivation of the ATM gene may play a role in the pathogenesis of myeloid malignancies in addition to its involvement in lymphoid malignancies. AMKL patients with ATM gene deletion may therefore have a smoldering clinical course, favorable outcomes, and also show a good response to azacitidine treatment. Large clinical trials are necessary to confirm the present findings.
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